Pulmonary sclerosing hemangioma (PSH) is a benign tumor with two cell populations (epithelial and stromal cells), for which genomic profiles remain unknown. We conducted exome sequencing of 44 PSHs and identified recurrent somatic mutations of AKT1 (43.2%) and β-catenin (4.5%). We used a second subset of 24 PSHs to confirm the high frequency of AKT1 mutations (overall 31/68, 45.6%; p.E17K, 33.8%) and recurrent β-catenin mutations (overall 3 of 68, 4.4%). Of the PSHs without AKT1 mutations, two exhibited AKT1 copy gain. AKT1 mutations existed in both epithelial and stromal cells. In two separate PSHs from one patient, we observed two different AKT1 mutations, indicating they were not disseminated but independent arising tumors. Because the AKT1 mutations were not found to cooccur with β-catenin mutations (or any other known driver alterations) in any of the PSHs studied, we speculate that this may be the singlemost common driver alteration to develop PSHs. Our study revealed genomic differences between PSHs and lung adenocarcinomas, including a high rate of AKT1 mutation in PSHs. These genomic features of PSH identified in the present study provide clues to understanding the biology of PSH and for differential genomic diagnosis of lung tumors.
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pulmonary sclerosing hemangioma | whole-exome sequencing | AKT1 mutation | copy number alteration P ulmonary sclerosing hemangioma (PSH) is a benign tumor that usually presents as a solitary, well-defined mass in the lung (1) . PSH predominantly affects females (1:5) with a higher incidence in the Far East (2) . As the name indicates, PSH is often hemorrhagic and sclerotic. Histologically, the tumor cells in PSH consist of two cell types (cuboidal epithelial and polygonal stromal cells) (3) . Immunohistochemical and ultrastructural studies have identified that both cells are derived from undifferentiated respiratory epithelium that is the histologic origin of lung adenocarcinoma as well. Previous studies have shown that PSH and adenocarcinoma in the lung share some immunohistochemical and genetic features. For example, expression of TTF-1, which plays a crucial role in normal lung function and morphogenesis, is common to PSH and lung adenocarcinoma (3) . In addition, allelic imbalance and CpG island methylation in some loci have been reported in these two tumors (4, 5) . However, whereas many driver genes for lung adenocarcinomas have been identified, for somatic mutations, there have not been any candidate driver mutations identified in PSHs, except for low-frequency mutations in β-catenin and TP53 (6, 7). Frequent somatic mutations identified in lung adenocarcinomas, such as KRAS and EGFR, have not been detected in PSH, suggesting that genomic alterations of these two lung tumors might be different from each other. Furthermore, there is no evidence of PSH progression to lung cancers. These earlier data indicate that despite the common cellular origin of PSH and lung adenocarcinoma, genetic mechanisms for their development may be different.
Somatic genetic alteration is a driving force for the development of tumor. Even a benign tumor contains somatic mutations, albeit less common than in a malignant tumor. For example, uterine leiomyoma and breast fibroadenoma, common benign tumors, harbor recurrent mutations in MED12 (8, 9) . Based on the established concept that PSH is a true tumor, we hypothesize that it may harbor somatic mutations. For a comprehensive elucidation of genetic alterations in cancers, genomes of many tumors have been studied by using wholeexome (WES) or whole-genome sequencing analysis (10) (11) (12) . However, to date, such high-throughput sequencing data on PSH is lacking. In this study we analyzed genomes of the PSH by WES.
Results
Whole-Exome Sequencing. We conducted a comprehensive examination of genetic alterations (somatic mutations and copy number alterations, CNAs) in 44 cases of PSH: 8 fresh-frozen and 36 formalin-fixed paraffin-embedded (FFPE), from 43 patients (two separate PSHs were from one patient), with matched normal tissues using WES. Most of the patients were female (91%) and the median age was 52 y (range 12-74 y) (Table S1 ). Coverages of the sequencing depth were mean of 156× for PSHs and 152× for matched normal, with an average of 95% of bases covered by at least 20 reads in each sample, respectively (Table S2) .
Significance
This report is an in-depth genetic profiling of pulmonary sclerosing hemangioma (PSH). We have discovered that PSH harbor recurrent AKT1 mutations (45.6%), most of which were AKT1 p.E17K mutations. This mutation may be the single-most common driver alteration to develop PSHs. In contrast to lung adenocarcinoma, PSH genomes harbor only a single driver mutation (AKT1 or β-catenin), which may provide clues to understanding the benign biology of PSH and for differential genomic diagnosis of lung tumors. A total of 672 nonsilent mutations were identified in the 44 PSH genomes (12 mutations per genome, range 0-76) (Fig. 1A and Dataset S1), corresponding to a mean rate of 0.3 somatic mutations per megabase. This finding is similar to the rates of other benign tumors [e.g., leiomyoma (13) (0.24 per megabase) and fibroadenoma (9) (0.11 per megabase)] but much lower than those observed in lung adenocarcinoma (10) (8.9 per megabase), lung squamous carcinoma (11) (8.1 per megabase), and other cancers (14) (Fig. 1B and Fig. S1 ). C > T substitutions are the most common mutation type (49.3%; 27.8% at CpG and 21.5% at non-CpG context) in PSHs (Fig. 1A) . In contrast, C > A substitutions, the most common in lung cancer (26.8%), is less common in the PSHs (14.1%), suggesting that tumorigenic events in PSH may be different from those in lung cancer.
AKT1 and β-Catenin Mutations in PSH Genomes. In the PSHs, nonsilent, recurrent mutations were found in AKT1 (19 of 44 PSHs: 43.2%), CTNNB1 (β-catenin) (2 of 44), and ARID1B (2 of 44) ( Fig. 2A) . We also identified nonsilent mutations in an additional eight genes, which overlapped with both the Cancer Gene Census (15) and Cancer Drivers Database (16): APC, BLM, PLCG1, FAS, ATRX, EP300, KMT2D, and ATM ( Fig. 2A) , but no TP53 mutations were observed. Among these mutations, three truncating mutations were identified in tumor-suppressor genes (ARID1B, KMT2D, and ATM). To address whether these mutations could be causally implicated in the PSH development, we performed MutSigCV (14) and OncodriveFM (17) analyses and found that only AKT1 was significantly mutated in PSH genomes (q-value < 0.01). Key mutations were validated using Sanger sequencing or digital PCR ( Fig. S2 and Table S3 ). Clinical and histopathological parameters could not distinguish AKT1 mutation (+) and (−) cases of PSHs (P > 0.05).
AKT1 is a serine/threonine kinase that stimulates many cancerrelated processes, including cell proliferation, survival, and growth (18) . All 19 AKT1 mutations identified (11 p.E17K, 1 p.E17K/p.I19L, 4 p.Q79K/p.W80R, 1 p.Q79K/p.W80G, 1 p.E49K/ p.N53H, and 1 p.L52R/p.F55Y) were localized to the pleckstrin homology domain (Fig. 2B ), which is crucial for membrane localization and downstream activation of AKT1 (19) . Not only AKT1 p.E17K, but also p.N53-, p.F55-, p.Q79-, and p.W80-altering mutations are known to promote growth factor-independent cell proliferation compared with wild-type AKT1 (20) . To further assess the recurrence of AKT1 mutations in PSHs, we performed Sanger sequencing of AKT1 in an independent validation set (24 FFPE PSHs), which confirmed the high frequency of AKT1 mutations in PSHs [12 of 24 (50%): 11 p.E17K and 1 p.Q79K/p.W80R] ( Table 1 and Fig. 2B ). Among PSHs with p.E17K mutations, all but one harbored a single AKT1 mutation. Those PSHs with non-p.E17K mutations harbored additional AKT1 mutations ("double" AKT1 mutations). All double AKT1 mutations were detected in the identical sequencing reads with similar variant allele frequency (VAF) (Fig. S3) , suggesting that the double AKT1 mutations occurred in cis configuration in the same cells. The overall AKT1 mutation prevalence in PSHs was 45.6% (31 of 68), most of which were p.E17K (23 of 68, 33.8%). Recurrent AKT1 mutations, especially p.E17K, have been detected in breast cancers (4-8%) (20, 21) but rarely in the other cancers, including lung cancers (0-0.9%) (10) (11) (12) .
As for β-catenin mutations, p.S37F was identified in two different PSHs in the discovery set and p.G38C in a PSH in the validation set (3 of 68, 4.4%). β-catenin p.S37F is a hotspot mutation reported in many tumors (22, 23) and β-catenin mutations have been previously reported in PSHs (1 of 37, 2.7%, p.S33C) (6) . AKT1 and β-catenin mutations did not co-occur in any of the PSHs we studied here. Mutation Profiles in Multiple PSHs in One Patient. Although multiple PSHs is a rare entity (24) , one patient (SH06) in our study presented with two separate masses in the upper (tumor 1, T1) and lower (tumor 2, T2) lobes. To investigate their clonal origins, we compared the tumors' germ-line and somatic variants. Almost all of the germ-line variants in the two PSH masses were shared with their matched normal (96.1% for T1 and 93.0% for T2), whereas somatic variants identified in the two PSH masses were mutually exclusive, indicating distinct clonal origins (i.e., double primary tumors) (Fig.  3) . Interestingly, ATK1 mutations were identified in both lesions, but the variants were different from each other (p.L52R/p.F55Y in T1 and p.E17K in T2).
AKT1 Mutations in PSHs from Histologically Different Cells. Evidence has shown, by analyzing microsatellite patterns, that both cuboidal epithelial and polygonal stromal cells in PSHs could be monoclonal (25) , but this hypothesis needs more evidence. In addition, there are still doubts about the true neoplastic nature of the components (entrapped normal epithelial cells and nonneoplastic stromal cells). We performed microdissections to procure two cell types in three PSHs and analyzed somatic and germ-line variant status, including the AKT1 mutation in the two types of cells. We found AKT1 p.E17K mutations in both cell types in the PSHs (Fig. 4) , suggesting their uniclonal origin. To further validate this finding, we performed Sanger sequencing of six somatic and two germ-line variants in both epithelial and stromal cells. Regardless of somatic and germ-line event, all of the variants were detected in both cell types (Fig. S4 ).
CNA and Loss of Heterozygosity. To characterize PSH genomic alterations at a copy number level, we analyzed the same 44 PSHs using the WES data (Table S4) . Arm-level somatic CNAs were detected on 1q, 5p, 5q, 8p, 8q, 14q, 19p, and 19q (gains) and 13q, 15q, 16q, and 19p (losses) (7 of 44, 15.9%) (Fig. 5A) , which is far fewer than that in lung cancers (10, 11) , but only 1q and 14q gains were recurrent in the PSHs. The most common CNA was 14q gains (3 of 44, 6.8%), where AKT1 resides (Fig. 5B) .
We also assessed the B-allele profiles and identified three copyneutral loss-of-heterozygosity (LOH) events (Fig. 6) . Two of these events (SH48 and SH55) harbored LOH on 14q and co-occurred with AKT1 p.E17K mutation. Mean VAF of AKT1 mutations in the two PSHs with 14q LOH was 2.5 times higher than that without 14p LOH (65.4% vs. 25.6%, respectively) (Fig. 6B) , suggesting that the 14q LOH might have occurred after AKT1 mutation events in these cases. Wide distribution of AKT1 VAFs may be a result of subclonal nature of AKT1 mutations in some samples or nonneoplastic cell contamination. When looking at the histology of PSHs, we observed that nonneoplastic stromal components (for example, inflammatory cells) besides the neoplastic polygonal stromal cells were embedded in the analyzed tissues for WES at various degrees ( Fig. S5 and Table S3 ). Adjusted VAFs considering tumor cell contents in AKT1-mutated cases were 25-49% in non-LOH cases and 88-97% in LOH cases (Table S3 ), suggesting that the AKT1 mutations in PSH may be clonal. The other one (SH18) harbored 59-megabase-sized LOH on chromosome 10 (10q22.2-q26.3), which has been observed in PSHs previously (4) . Tumor-suppressor genes PTEN and TCF7L2 reside in this area.
Pathway Analysis. To further gain insights into the role of genomic alterations underlying PSH development, we analyzed the genome data through pathway analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Several mutated genes in PSHs were significantly enriched for cell survival, proliferation, growth, and angiogenesis activities (Table S5 ). Of note, AKT1 activation is closely connected to these pathways (Fig. 7A) . We identified mutations in multiple components of the AKT/GSK3/β-catenin signalings, including CTNNB1, APC, and TCF7L1. In addition, a copy loss of STK11 and mutations in mammalian target of rapamycin (MTOR) and EIF4E2 in PI3K/AKT/mTOR signaling pathways, as well as mutations in MYT1 and FOXO1 responsible for cell cycle regulation and cell survival, were detected in the PSH genomes (Fig.  7B) . Interestingly, several gene alterations are related to the VEGF signaling pathway that activates angiogenesis, possibly suggesting their roles in the vascular phenotype ("hemangioma") of PSH. AKT1 has been engaged as a target in ongoing clinical trials (26) , suggesting that AKT1 inhibitors may have potential therapeutic value in PSH.
Discussion
In this study, we attempted to identify the genetic alterations of PSH genomes by WES. First, we observed highly frequent AKT1 gene alterations (somatic mutations and copy gains) in the PSH genomes. Based on the current knowledge of AKT1 mutations (oncogenic activities and recurrent hotspot mutations) (20, 27, 28) , our data suggest that AKT1 gene alterations are the most common genetic driver that might contribute to the PSH development. Recurrent AKT1 mutation was first reported in breast cancers and subsequently in other tumors (29) . In these tumors, however, the frequency of AKT1 mutations was much lower (∼8%) than that of the PSHs in our study. When combining AKT1 mutations with AKT1 copy gain, AKT1 genetic alterations in PSH reached 48.5%, which is the highest incidence of AKT1 alterations in human tumors (the COSMIC database). We also observed β-catenin mutation in 4.4% of the PSHs that was mutually exclusive with AKT1 mutation in PSHs. In addition, several tumorrelated genes, including ARID1B, APC, BLM, PLCG1, FAS, ATRX, EP300, KMT2D, and ATM were detected in the PSHs at low incidences (2.3-4.5%). As for CNAs, 15.9% of the PSHs harbored alterations, whereas most PSHs (84.1%) did not exhibit any noticeable CNAs. Such a high incidence of oncogenic AKT1 alterations and a low incidence of other mutations, as well as few CNAs in the PSHs, suggest that AKT1 alterations are likely key players in PSH development. Other mutations and CNAs might possibly contribute to PSH pathogenesis, but their causal roles or the roles in conjunction with AKT1 signaling remain to be clarified. Of note, either AKT1 or β-catenin mutation in malignant tumors usually co-occurs with other driver genomic alterations (22, 30, 31) . However, AKT1 mutations in benign tumors, such as meningiomas and PSHs, and β-catenin mutations in pilomatricoma do not usually co-occur with each other or other known driver mutations (32) (33) (34) . It is possible that AKT1 or β-catenin mutation alone is able to produce a benign tumor but not a malignant tumor. AKT1 mutation itself has a weak transforming activity (35) , which might make the cells proliferate and change morphology but not acquire the capability to further progress to malignancy.
The histogenesis of the dual cells present in PSHs has long puzzled scientists. One theory suggests that both cuboidal epithelial and polygonal stromal cells represent a neoplastic origin by identifying monoclonality of these two cells (3) . The other theory suggests that the polygonal cell population may represent neoplastic cells, whereas the cuboidal cells represent entrapped epithelial cells from immunohistochemical analysis (25) . Our study identified that both of the cell components in PSHs, cuboidal epithelial and polygonal stromal, harbored the same somatic and germ-line variants, supporting the former theory. Our data suggest that both cells are a true neoplastic component and that they may be histologically different but not genetically. Some nonneoplastic respiratory epithelial cells may be entrapped in the PSHs, but many of the cuboidal epithelial cells, especially deep inside of the PSHs, may represent neoplastic cells. It could be possible that the microdissection was not specific enough and that both components were present in the preparations. However, this possibility, if any, with a minor contamination of stromal cells into epithelial cells, may be low because the height of mutant peaks in the sequencing (Fig. 4 and Fig. S4 ) are similar (even higher in epithelial cells in some cases) between the two cells. Furthermore, we discovered that multinodular PSHs in a patient harbored two different AKT1 mutation variants, indicating that the multinodularity in PSH may not result from metastasis.
Tumor-suppressor genes constitute the largest group of hereditary cancer genes, whereas only a few oncogenes-including RET, MET, KIT, and AKT1-are associated with hereditary tumor development (36) . For example, Proteus syndrome, a congenital disease involving overgrowth of skin, muscles, fatty tissues, and blood vessels, as well as pulmonary cysts and venous dilatation, is caused by somatic mosaic mutations of AKT1 p.E17K (37) . Afflicted individuals are at increased risk for developing benign tumors of the ovary, meninx, and the parotid gland. However, the risk of malignant tumor is not increased (38) . Congenital AKT1 p.E17K mutations associated with benign tumors and vascular lesions might explain the role of somatic AKT1 mutation in the PSH phenotype.
Despite the predominant prevalence of AKT1 mutations, ∼40% of PSHs exhibited neither driver mutation nor CNA, suggesting epigenetic or not yet identified genetic origin of this disease. Further genetic or epigenetic studies with AKT1 mutation-negative PSHs will be required to discover other driver alterations of PSH.
In conclusion, our study has revealed genomic differences between PSHs and lung adenocarcinomas, including a high rate of AKT1 mutation and few CNAs in PSH. These genomic features of PSH identified in the present study provide clues to understanding the benign biology of PSH and for differential genomic diagnosis of lung tumors.
Materials and Methods
Sclerosing Hemangioma Tissues. Approval for this study was obtained from the Institutional Review Board at the Catholic University of Korea, College of Medicine. Clinicopathologic features of the patients are summarized in Table  S1 . The PSH patients in our study did not show any congenital abnormalities of Proteus syndrome. All of the patients were Korean. Fresh-frozen tissues WES. WES was performed for the genomic DNA obtained from tumor and matched normal specimen using the Agilent SureSelect Human All Exome 50Mb kit (Agilent Technologies) and Illumina HiSeq2000 platform, according to the manufacturer's instructions. Acquisition and processing of the sequencing data were performed as previously described (39) . A BurrowsWheeler aligner was used to align the sequencing reads onto the human reference genome (UCSC hg19). The aligned sequencing reads were evaluated using Qualimap (40) , and the sequences were deposited in the Sequence Read Archive database (Project ID: PRJNA297066).
Identification of Somatic Variants. Somatic variants were identified using MuTect (41) and SomaticIndelDetector (42) for point mutations and indels, respectively. The ANNOVAR package (43) was used to select somatic variants located in the exonic sequences and to predict their functional consequences. To obtain reliable and robust mutation calling, the following somatic variants were eliminated: (i) read depth fewer than 20 in either the tumor or matched normal; (ii) polymorphisms referenced in either 1000 Genomes Project, Exome Aggregation Consortium, or Exome Sequencing Project with a minor allele frequency greater than 2%; and (iii) variants with VAF between 45% and 55% in a copy-neutral region. Finally, validated variants according to Sanger sequencing or digital PCR were manually curated.
Cancer-Related Mutations and Validation. We performed MutSigCV (14) and OncodriveFM (17) analyses to identify and validate cancer-related mutations. Significantly mutated genes with q-value < 0.01 were considered driver mutations. Cancer-related genes are also defined as those identified in both the Cancer Gene Census (15) and Cancer Drivers Database (16) . We validated 51 mutations of 23 genes using either digital-PCR or Sanger sequencing. Details are summarized in Table S3 . Digital-PCR was performed using the TaqMan Genotyping assay and the QuantStudio 3D digital PCR system (Life Technologies) as described elsewhere (44) . The digital PCR data were analyzed using the Relative Quantification module of the QuantStudio 3D AnalysisSuite Cloud Software. The confidence level was set to 95%, and the desired precision value was 10%. In addition, to further assess the recurrent mutations in PSHs, we performed Sanger sequencing of AKT1 and CTNNB1 in the independent validation set (24 FFPE PSHs).
DNA Copy Number and LOH Analysis. DNA copy number and LOH were estimated using WES data. The ngCGH module and RankSegmentation statistical algorithm in NEXUS software v7.5 (Biodiscovery) were used to define CNAs of each sample (44) . We inferred the LOH events using Sequenza (45) . All of the identified CNAs and LOH events were manually curated in terms of depth ratio and B allele frequency.
ACKNOWLEDGMENTS. This study was supported by National Research Foundation of Korea (Grant 2012R1A5A2047939), the Korean Health Industry Development Institute of the Ministry of Health and Welfare of Korea (Grant HI13C2148), and the National Cancer Institute of the NIH (Grant P30CA034196). C.L. is a distinguished Ewha Womans University Professor supported in part by the Ewha Womans University Research grant of 2015.
